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PROCESS INTEGRATION, DEVICES, AND STRUCTURES

SUMMARY

The 2006 PIDS chapter is mainly unchanged from the 2005 edition. There are minor updates and corrections, but major
changes will await the 2007 edition. The exception is in the Logic Technology Requirements tables, where there are
notable changes in the timing of the projected deployment of several key technology innovations. Specifically, for high-
performance and low operating power (LOP) logic, the projected implementation of high-k gate dielectric and metal gate
electrode is delayed from 2008 (as forecasted in the 2005 ITRS) until 2010. Also, the projected implementation of fully
depleted ultra-thin body (FD-UTB) silicon-on-insulator (SOI) MOSFETs for high-performance logic is delayed from
2008 (as forecasted in the 2005 ITRS) until 2010. The reason for these delays is that it now seems unlikely that the
integrated circuit (IC) industry will find it feasible to deploy these innovations as early as 2008. However, for low
standby power (LSTP) logic, the projected implementation of high-k gate dielectric and metal gate electrode is in 2008, as
forecasted in the 2005 ITRS. For LSTP, the relatively thick dielectric equivalent oxide thickness of 1.6 nm in 2008 and
the potential use of fully silicided gate electrodes make the 2008 projected deployment more feasible than for LOP and
high-performance logic.

The consequences of the delay in deploying high-k gate dielectric and metal gate electrode were analyzed for the affected
years, 2008 and 2009. The scaling of the equivalent oxide thickness of the gate dielectric is slowed in 2008 and 2009
compared to that in the 2005 PIDS tables in order to keep the gate leakage current within tolerable limits. Other
consequences for those two years include increases in the source/drain leakage current and some slowing in the scaling of
the transistor intrinsic delay, z Furthermore, 7 = CV,/I;.., where C is the load capacitance, V,, is the power supply
voltage, and I, is the transistor saturation drive current. Since C is inversely proportional to the equivalent oxide
thickness, both C and /,,,, are reduced for 2008 and 2009. See the text and the updated technology requirements tables
for details.
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2 Process Integration, Devices, and Structures

DIFFICULT CHALLENGES

Table 39a Process Integration Difficult Challenges—Near-term

Difficult Challenges > 32 nm

Summary of Issues

1. Scaling of MOSFETs to the 32 nm technology
generation

Scaling planar bulk CMOS will face significant challenges due to the high channel doping
required, band-to-band tunneling across the junction and gate-induced drain leakage
(GIDL), stochastic doping variations, and difficulty in adequately controlling short
channel effects.

Implementation into manufacturing of new structures such as ultra-thin body fully depleted
silicon-on-insulator (SOI) and multiple-gate (e.g., FInFET) MOSFETs is expected.
This implementation will be challenging, with numerous new and difficult issues. A
particularly challenging issue is the control of the thickness and its variability for these
ultra-thin MOSFETs.

2. Implementation of high-k gate dielectric and
metal gate electrode in a timely manner

High k and metal gate electrode will be required beginning in ~2008. Timely
implementation will involve dealing with numerous challenging issues, including
appropriate tuning of metal gate work function, ensuring adequate channel mobility
with high-«, reducing the defects in high-«k to acceptable levels, ensuring reliability,
and others.

3. Timely assurance for the reliability of multiple
and rapid material, process, and structural changes

Multiple changes are projected over the next decade, such as.:
Material: high-k gate dielectric, metal gate electrodes by 2008 or so
Process: elevated S/D (selective epi) and advanced annealing and doping techniques

Structure: ultra-thin body (UTB) fully depleted (FD) SOI, followed by multiple-gate
structures.

It will be an important challenge to ensure the reliability of all these new materials,
processes, and structures in a timely manner.

4. Scaling of DRAM and SRAM to the 32 nm
technology generation

DRAM main issues with scaling—adequate storage capacitance for devices with reduced
feature size, including difficulties in implementing high-« storage dielectrics; access
device design; holding the overall leakage to acceptably low levels; and deploying low
sheet resistance materials for bit and word lines to ensure desired speed for scaled
DRAMs. Also, reducing the cell area factor in a timely manner is quite challenging.

(Cell area factor = a = cell area/Fz, where F=DRAM half pitch).
SRAM—Difficulties with maintaining adequate noise margin and controlling key

instabilities and soft error rate with scaling. Also, difficult lithography and etch issues
with scaling.

5. Scaling high-density non-volatile memory to the
32 nm technology generation

Flash—Non-scalability of tunnel dielectric and interpoly dielectric. Dielectric material
properties and dimensional control are key issues.

FeRAM—Continued scaling of stack capacitor is quite challenging. Eventually, continued
scaling in 1T1C configuration. Sensitivity to IC processing temperatures and
conditions.

SONOS—ONO stack dimensions and material properties, including nitride layer trap
distribution in space and energy

MRAM-—Magnetic material properties and dimensional control. Sensitivity to IC
processing temperatures and conditions
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Table 39b  Process Integration Difficult Challenges—Long-term

Difficult Challenges<32 nm

Summary of Issues

6. Implementation of advanced, non-classical CMOS
with enhanced drive current and acceptable control of
short channel effects for highly scaled MOSFETSs

Advanced non-classical CMOS (e.g., multiple-gate MOSFETs) with ultra-thin, lightly
doped body will be needed to effectively scale MOSFETs to 11 nm gate length and
below.

To attain adequate drive current for the highly scaled MOSFETs, quasi-ballistic operation
with enhanced thermal velocity and injection at the source end appears to be needed.
Eventually, nanowires, carbon nanotubes, or other high transport channel materials
(e.g., germanium or III-V thin channels on silicon) may be needed.

7. Dealing with fluctuations and statistical process
variations in sub-11 nm gate length MOSFETs

Fundamental issues of statistical fluctuations for sub-11 nm gate length MOSFETs are not
completely understood, including the impact of quantum effects, line edge roughness,
and width variation.

8. Identifying, selecting, and implementing new
memory structures

Dense, fast, low operating voltage non-volatile memory will become highly desirable

Increasing difficulty is expected in scaling DRAMs, especially scaling down the dielectric
equivalent oxide thickness and attaining the very low leakage currents that will be
required.

All of the existing forms of nonvolatile memory face limitations based on material
properties. Success will hinge on finding and developing alternative materials and/or
development of alternative emerging technologies.

See Emerging Research Devices section for more detail.

9. Identifying, selecting, and implementing novel
interconnect schemes

Eventually, it is projected that the performance of copper/low-k interconnect will become
inadequate to meet the speed and power dissipation goals of highly scaled ICs.

Solutions (optical, microwave/RF, etc,) are currently unclear.

For detail, refer to ITRS Interconnect chapter.

10. Toward the end of the Roadmap or beyond,
identification, selection, and implementation of
advanced, beyond-CMOS devices and architectures
for advanced information processing

Will drive major changes in process, materials, device physics, design, etc.

Performance, power dissipation, etc., of beyond-CMOS devices need to extend well
beyond CMOS limits.

Beyond-CMOS devices need to integrate physically or functionally into a CMOS platform.
Such integration may be difficult.

See Emerging Research Devices sections for more discussion and detail.
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4 Process Integration, Devices, and Structures

LoGIC TECHNOLOGY REQUIREMENTS

Table 40a

High-Performance Logic Technology Requirements—Near-term UPDATED

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the table
notes for further discussion)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013

DRAM ¥: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
1, it

MPU/ASIC Metal 1 (M1) % Pitch % 78 68 50 52 45 40 36 32

(nm)(contacted)

MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13

Lg: Physical Lgqe for High 32 28 25 22 20 18 16 14 13

Performance logic (nm) [1]

EOT: Equivalent Oxide Thickness
[2]

IS

Extended planar bulk (A)

Delete

UTB FD (A)

Gate Poly Depletion and
Inversion-Layer Thickness [3]

Extended Planar Bulk (A)

Delete

UTB FD (A)

EOT,,.: Electrical Equivalent
Oxide Thickness in inversion [4]

Extended Planar Bulk (A)

Delete

UTB FD (A)

Jg timir- Maximum gate leakage
current density [5]

Extended Planar Bulk (A/cmz)

Delete

UTB FD (A/em?)

DG (A/em’)

6.25E+02 7.86E+02 8.46E+02

Vaa: Power Supply Voltage (V)
[6]

11

1.1

11

0.9

Vi sar: Saturation Threshold
Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

Isd leak: Source/Drain Subthreshold
Off-State Leakage Current [8]

[0%)

(o)
N

o

Extended Planar Bulk (uA/pum)

UTB FD (pA/pum)

DG (uA/pm)

1g sar: effective NMOS Drive
Current [9]

Extended Planar Bulk (nA/um)

DG (pA/pm)

Mobility Enhancement Factor for
lagsar _[10]

0.34

1899

1932 2220

Extended Planar Bulk
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Process Integration, Devices, and Structures 5
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM Y: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) /2 Pitch 9 78 68 50 52 45 40 36 32
(nm)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Effective Ballistic Enhancement
Factor [11]
Extended Planar Bulk ___ _ [~ _1_ | T N T _1__|_- T ] T
U232 B MR I SR AN NS DS S T
DG 1.17 1.25 1.31

Ryq: Effective Parasitic series
source/drain resistance [12]

speed (GHz) [16]

1 Delete | UTBFD (Q-pym) _ _ _ _ _ _ _
DG (Q-pm)
Cgideal: Ideal NMOS Device Gate
Capacitance [13]
I IS Extended Planar Bulk (F/um) 4.31E-16
| Delete | UTBED (Fum) _ _ _ _ _ _ _
DG (F/pm) 4.60E-16 4.39E-16 | 4.48E-16
Cg totar: Total gate capacitance for
calculation of CV/I [14] ‘
| s Extended Planar Bulk (F/um) | 8.13E-16 | 7.65E-16 | 6.99E-16 | 6.56E-16 8.28E-16| 8.59E-16 7.51E-16 || NGB
| Delete | UTBFD (Fum) || | |804c16|755E16 7.35E-16| 6.92E-16 _6.67E-16 | 6.18E-16
DG (F/um) 6.50E-16 6.29E-16 | 6.28E-16
Is  |2=CV/E: NMOSFET intrinsic 0.87 0.74 0.64 0.54 0.51 0.4 0.34 0.29 0.25
delay (ps) [15] —
Is  |//& NMOSFET intrinsic switching| 1149 1351 1563 1852 1961 2500 2941 3448 ‘ 4000

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known
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Table 40b  High-Performance Logic Technology Requirements—Long-term

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the table
notes for further discussion).

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lg: Physical Lggse for High Performance logic (nm) [1] 11 10 9 8 7 6 5

EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A)

UTB FD (A)

DG (A)

Gate Poly Depletion & Inversion-Layer Thickness [3]
Extended planar bulk (A)
UTB FD (A)
DG (A)

EOTe.: Electrical Equivalent Oxide Thickness in inversion [4]
Extended Planar Bulk (A)
UTB FD (A)
DG (A)

Jg limiy: Maximum gate leakage current density [5]

Extended Planar Bulk (A/cmz)

2
FDSOI (A/em”) 3.27E+03 3.70E+03
2
DG (A/em”) 1.00E+03 1.10E+03 1.22E+03|1.38E+03 1.57E+03 1.83E+03 2.20E+03
Vaa: Power Supply Voltage (V) [6] ‘ 0.9 ‘ 0.8 ‘ 0.8 ‘ 0.7 | 0.7 | 0.7 ‘ 0.7

Vi sar: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV)
UTB FD (mV)
DG (mV)

Lsg jeak- Source/Drain Subthreshold Off-State Leakage Current [§]
Extended Planar Bulk (LA/pum)
UTB FD (pA/pm)
DG (pA/pm)

1y sar effective NMOS Drive Current [9]
Extended Planar Bulk (uA/pum)
UTB FD (pA/um)
DG (pA/pm)

Mobility Enhancement Factor for 155 [10]

Extended Planar Bulk
UTB FD 1.04 1.04
DG 1.04 1.04 1.04 1.04 1.03 1.03 1.03

Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk
UTB FD
DG
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Table 40b  High-Performance Logic Technology Requirements—Long-term (continued)

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the
table notes for further discussion).

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Ryq: Effective Parasitic series source/drain resistance [12]
Planar Bulk (Q-um)
UTB FD (Q-pum)
DG (Q-um)

Cg,ideal: Ideal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/pum)
UTB FD (F/um)
DG (F/um) 3.07E-16 2.68E-16 2.30E-16 1.92E-16

a

‘w.total° Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk (F/um)
UTB FD (F/um)

DG (F/um)

v =CV/I: NMOSFET intrinsic delay (ps) [15] 0.210 ‘ 0.180 ‘ 0.150 0.130 0.110 0.100 0.080
1/t: NMOSFET intrinsic switching speed (GHz) [16] 4762 ‘ 5556 ‘ 6667 7692 9091 10000 12500

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known _
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8 Process Integration, Devices, and Structures

Notes for Tables 40a and b:

As described in the text, MASTAR, a detailed analytical MOSFET modeling software package, has been utilized to generate the parameter values in
these tables. The MASTAR modeling package and user’s manual are in the backup material on the ITRS website, as well as the detailed MASTAR
simulations that underlay these tables. Also note that the parameters in this table are for an NMOSFET with nominal gate length at an operating
temperature of 25°C. Furthermore, although there are multiple MOSFETSs in a typical logic chip, with differing threshold voltages, Loy, Loy and

oxide thickness, the transistor specified here is the transistor with the lowest threshold voltage, highest I,, and highest 1oy, lowest oxide thickness,
and fastest CV/I. This transistor typically constitutes a small minority of the transistors on a chip; it is used mainly in critical paths, and most of the
transistors on the chip have higher threshold voltage and lower leakage current. This high speed, high leakage transistor is specified in this table
because it tends to drive the technology.

|S  As explained in the text, multiple parallel options for the transistor type are included in the tables, including planar bulk CMOS extended to its
practical scaling limits, ultra-thin body fully-depleted (UTB FD) SOI CMOS, also extended to its practical scaling limits, and double-gate (DG)
CMOS (e.g., FinFETS). Note that the limit for planar bulk CMOS is through 2012, and for UTB FD it is through 2015, while DG continues through
2020. In the 2006 ITRS, the projected initial implementation of UTB ED is delayed from 2008 per the 2005 ITRS until 2010 (see summary for
discussion of this point). The impact of the challenges in scaling planar bulk are clear from this table, since for planar bulk, the Source/Drain

subthreshold leakage current, Iy joqt, increases sharply for the latter years, from 0.22 puf/um in 2009 to 0.34 pA/um in 2012, and Igg jeqr is always

higher for planar bulk than for UTB FD and DG. Furthermore, both EOT and the effective parasitic series resistance, Ry, are scaled more rapidly
(to meet the performance target) from 2008 2010 through 2012 for planar bulk than for UTB FD or DG. Finally, from the MASTAR modeling
results, the short channel effects such as drain induced barrier lowering (DIBL) are always larger for planar bulk than for UTB FD or DG. In a
similar vein, for DG, Iyq jeqk is lower than for UTB FD, while EOT and Ryq are scaled more slowly for DG than for UTB FD. Furthermore, from the
MASTAR modeling results, short channel effects are always lower for DG. Hence, DG is the ultimate MOSFET device, continuing through the end of
the Roadmap in 2020.

For each transistor option, the scaling of the numbers in the tables reflects a particular scaling scenario in which we have attempted to optimally
scale to meet the key goal for high-performance logic, 17% per year average improvement in the NMOS intrinsic switching speed, while keeping the
leakage currents, the short channel effects, and other key characteristics under control. For the planar bulk CMOS option, another goal was to delay
the projected need for such major innovations as metal gate electrode, high-x gate dielectric, and novel doping and annealing techniques to reduce
the value of the parasitic series source/drain resistance. However, there are numerous parameters (such as EOT, Vgg, I jeat etc.) that can be
varied, and different scaling scenarios are possible by making different choices on the scaling of these parameters. The scenarios in this table were
selected to be as representative of the industry as possible. In particular, in this table, high-x gate dielectric and metal gate electrode are assumed to
be available in 2008. See the figures and discussion in the text for why high-x gate dielectric is required in 2008. With the EOT=0.9 nm in 2008,
metal gate electrode is needed to reduce the polysilicon depletion.

[1] Lg is the physical gate length: the final, as-etched length of the bottom of the gate electrode. Values have been set by the ORTC. The gate

dimensional control requirement is set by the Lithography and FEP Etch ITWGs, and is assumed to have a three-sigma value of + 12% x Lg. It is
expected that meeting this requirement will become increasingly difficult with scaling (refer to the Lithography chapter and the FEP chapter). Gate
length variation is assumed to be a primary factor responsible for driving device parameter variation.

IS /2] For a gate dielectric of thickness T, and relative dielectric constant x, EOT is defined by: EOT = Ty / (k/3.9), where 3.9 is the relative dielectric

constant of thermal silicon dioxide. For a MOSFET with the gate dielectric of thickness Ty, the ideal gate capacitance per unit area is the same as
that of a similar MOSFET, but with a gate dielectric made up of thermal silicon dioxide with a thickness of EOT. It is projected that high-x gate
dielectric will be required by 2068 2010 to control the gate leakage (this is delayed from the 2008 projected deployment date in the 2005 ITRS; see
the text summary for further discussion on this point. ) Note that the rate of scaling of EOT is quite slow from 2005 through 2667 2009 to keep the
gate leakage current within the specified limits while utilizing silicon oxy-nitride for the gate dielectric. However, there is a sharp EOT decrease in
2008 2010, when we assume that high-x gate dielectric will be implemented. Red coloring for 2008 2010 and beyond reflects the projected
implementation of high-x gate dielectric. The color is red because it is felt that the solutions for EOT below 1.0 nm are not understood. Measurement
of EOT is complicated, and is usually done via sophisticated MOS capacitor-voltage (CV) measurements on MOS capacitors or via optical
measurements.

|S /3] Accounts for gate electrode depletion and inversion-layer effects, including quantum effects, both of which are calculated by MASTAR. For
polysilicon gate electrodes, the portion of the electrical thickness adjustment due to gate electrode depletion is dependent on the polysilicon doping.
For 2008 2010 and beyond, there is a projected inability to adequately dope polysilicon gate electrodes to meet the gate depletion thickness
adjustment requirements, and hence it is assumed that metal-gate electrodes, which reduce the gate depletion effect to zero, will be introduced. The
abrupt reduction in this parameter for-2008_in 2010 reflects the zero depletion. For 2608 2010 and beyond, the difference between the parameter
value for planar bulk versus the 4 nm value for DG and UTB FD reflects the light channel doping in the latter types of MOSFET and the heavy
channel doping in planar bulk. The red color reflects the current lack of a well-known solution for metal gate electrodes with well-controlled work
functions. For planar bulk CMOS, the work function needs to be near the silicon conduction band for NMOS and near the silicon valence band for
PMOS to properly set the MOSFET threshold voltage, as with polysilicon gates. For UTB FD and DG MOSFETs, the channel is very thin and lightly
doped, and the work function of the metal gates needs to be within a few hundred millivolts of the silicon midgap (i.e., “near silicon midgap” work
function) to properly set the MOSFET's threshold voltage.

[4] EOT e is the sum of EOT and electrical thickness adjustment (see Notes [2] and [3] above). For MOSFETS in inversion, ideal gate capacitance

per unit area (see Note [13]) is cox / (EOT,ec), where eox is the dielectric constant of thermal silicon dioxide. The equivalent electrical oxide
thickness in inversion is used in calculations of the CV/I intrinsic delay (see Note [16]). Red/yellow coloring follows that of EOT and Electrical
Thickness Adjustment.
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Process Integration, Devices, and Structures 9

[3] Jg limit is the maximum allowed gate leakage current density at 25°C, and it is measured with the gate biased to Vg and the source, drain, and
substrate all set to ground. Jg jimis is related to Iygjeqk, the nominal subthreshold leakage current per micron device width (see Note [8] below).
Specifically, Jg jimi= [Initial Factor] x [Isq jeak / (Physical gate length)] x [Hi T Factor] / [Circuit Factor]. Hi T Factor is set to 10, and it accounts

for the high operating temperature (100°C) expected for high-performance logic, by adjusting for both the rapid increase in Igg joqk With temperature
and the insensitivity of gate leakage current (since it is due to direct tunneling) to temperature. Circuit Factor is set to 1, and it accounts for the
differences between the subthreshold leakage current and the gate leakage current in logic gates compared to single isolated transistors as specified
by the Jg jimir and Isq jeak parameters in this table. (The reason for these differences is the different bias conditions on the various transistors in logic

gates compared to the bias conditions used to define Iy jeak (see Note 8) and Jg jimir for the NMOS transistor in this table). The Initial Factor is set to
0.1, and accounts for the fact that the transistor specified in this table is the low threshold voltage transistor with high subthreshold leakage, but that
the predominant transistors in typical circuits have significantly lower subthreshold leakage current. The values of Hi T Factor, Circuit Factor, and
Initial Factor used here are rough estimates. The yellow and red coloring follows that of EOT (see Note [2] above).

[6] Vaq is the nominal power supply voltage. It has been chosen to maintain sufficient voltage over-drive [V, — saturation threshold voltage (see
Note 7)] in order to meet the required saturation current drive values while still maintaining reasonable vertical gate dielectric electric field
strengths. Target power supply voltage values for actual ICs may vary £ 10% (or more) from the values in this table, depending on the particular
circuit design application or technology optimization.

[7] Visar is the saturation threshold voltage for a nominal gate length transistor with drain bias set equal to Vg, as calculated by MASTAR. The
threshold voltage values and the corresponding subthreshold leakage current values (see Note [8]) have been chosen to maintain sufficient voltage

over-drive (Vg4 — saturation threshold voltage) in order to meet the required saturation current drive values (see Note [9]). For planar bulk, the
yellow color is associated with the very high substrate doping approaching or exceeding 5E18 em” (from MASTAR) required to set the threshold
voltage to the desired level and to-keep the difficulty in keeping short channel effects under control. For UTB FD devices, the color is yeHow-i#2008
red in 2010 became of the challengec ofcontrollmg the very thin silicon body thickness (Ty;) required to control V¢4 and short channel effects. FThe

- - For DG devices, the color is red right from the beginning

because there are very many issues that are not understood here; in particular, defining and controlling the fin width, which is typically ~0.6 Ly, is a
major challenge. The required silicon body thickness for UTB FD and the fin width for DG come from MASTAR.

[8] Lsd jeak: subthreshold leakage current is defined as the NMOSFET source current per micron of device width, at 25°C, with the drain bias set
equal to Vg and with the gate, source, and substrate biases set to zero volts. Total NMOS off-state leakage current (Iog) is the NMOSFET drain
current per micron of device width at 25°C, and is the sum of the NMOS subthreshold, gate, and junction leakage current (which includes band-to-
band tunneling and gate induced drain leakage [GIDL]) components. The subthreshold leakage current is assumed to be larger than the junction
leakage current component at either 25°C or high-temperature conditions, but see Note [5] for the relation between Isd leak and gate leakage
current density. The yellow and red coloring follows that of V;s4 (see Note 7 above) because Vi 44, is a critical determinant of Isg jeqr- The above
subthreshold, gate, and junction leakage current scaling scenario also applies to PMOS devices.

[9] 14 sar: saturation drive current is defined as the NMOSFET drain current per micron device width with the gate bias and the drain bias set equal
to Vyq and the source and substrate biases set to zero. The saturation drive current values have been chosen to continue the historical 17% per year
device performance scaling (see Note 16 below). PMOS saturation drive current value is assumed to be (40-50)% of the NMOS saturation drive
current value. Yellow and red coloring follows that of four items: the parasitic source/drain series resistance, Rgq (see Note 12 below), the equivalent
electrical oxide thickness in inversion (see Note 4), the required mobility/transconductance improvement factor (see Note 10), and the ballistic
enhancement factor (see Note [11]).

[10] Mobility Enhancement Factor for 1, captures the improvement in the saturation drive current due to mobility enhancement. This factor is
defined as [enhanced 14 sq]/14 ref = 1d ratio» Where [enhanced 14 4] is the actual saturation drive current including the impact of enhanced mobility
and 1y yer is the saturation drive current in the absence of mobility enhancement. MASTAR calculates ;a0 as a function of the mobility
enhancement factor, lqii, = [enhanced mobility]/[reference mobility], where [enhanced mobility] is the actual mobility including the enhancement,
and [reference mobility] is the mobility in the absence of enhancement. Generally, 1 ,q41i0 is significantly less than 4y, due to short channel effects
and velocity saturation. Following the literature, the value of iyqio is limited to a maximum of 1.8'. Mobility enhancement was implemented in
product in 2004° to meet the required saturation drive current, and hence the coloring for extended planar bulk is initially white. However, there are
numerous approaches in the literature for mobility enhancement (including global strain using thin silicon epitaxial layers on SiGe epitaxial layers®,
different process induced strain approaches such as strained thin overlayers of SiN and selective epitaxial SiGe in the S/D, hybrid orientations,
etc.Error! Bookmark not defined. *’), and as we continue to scale MOSFETs, it is unclear what the optimal approach(es) will be and how to
integrate them into the process flow. Consequently, the row is colored yellow in 2009, when Ly=20 nm and the scaling becomes difficult enough that
the doping approaches SE18 cm-j according to the MASTAR modeling. For both FD SOI and DG, the row starts out yellow (in 2008 for FD and
2011 for DG) because we don’'t at this point understand manufacturable solutions to mobility enhancement for these device types.

[11] Effective Ballistic Enhancement Factor is a multiplying factor for 1 say, reflecting quasi-ballistic enhanced transport in highly scaled, ultra-thin
body MOSFETs, both UTB FD SOI and DG MOSFETs. Planar bulk CMOS does not have ballistic enhancement because of the high doping in these
devices. Values for this factor greater than 1 reflect quasi-ballistic enhancement. The value of this parameter is driven by the required saturation
drive current to meet performance requirements. The initial yellow coloring reflects that quasi-ballistic enhancement is expected (and predicted by
MASTAR) for undoped, very scaled UTB FD and DG MOSFETs. The later red coloring reflects the lack of known manufacturable enhanced
transport solutions for transistors with gate length approaching 10 nm.

[12] Rgq is the maximum allowable parasitic series source plus drain resistance for a MOSFET of one micron width. The values are scaled to allow
the required saturation current drive values (see Note [9]) to be met. Yellow and red coloring reflects FEP TWG projections on contact resistance,
salicide sheet resistance, and drain extension scaling.

[13] Cgideal is the ideal gate capacitance per micron device width, in inversion. Cg igeal =[€0X /(EOTejec)] X Lg, where gox is the dielectric constant
of thermal silicon dioxide, EOTelec is the equivalent electrical oxide thickness in inversion (see Note [4]), and Ly is the physical gate length (see
Note [1]). The red and yellow coloring follows that of EOTelec (see Note [4]).
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[14] Cg 1o1al is the total gate capacitance per micron device width in inversion. This is the sum of Cg igeqs and the parasitic gate overlap/fringing
capacitance per micron device width [including the Miller effect]. Red and yellow color here follows that of Cg igeql.

[15] zis the intrinsic transistor delay for NMOS devices at 25°C. © = (Cg tpta1 X Vi) / Ly sar- T for PMOSFETS is assumed to scale similarly, but with
PMOS 154t ~ (0.4-0.5) x (NMOS 14 54). T is a good metric for the intrinsic switching delay of the device, while 1/t is a good metric for the intrinsic

switching speed of the device. Red and yellow coloring follows that of both saturation drive current (see Note [9]) and Cg 1141 (see Note [14]).
[16] 1/t is the NMOS intrinsic switching speed. Maintenance of the historical 17% per year device performance improvement scaling trend is the key
scaling goal for high-performance logic. Red and yellow coloring follows that of t.
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Table 41a  Low Standby Power Technology Requirements—Near-term

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk MOSFETs have reached the limits of practical scaling (see the text and the table notes for
further discussion).

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
Y

DRAM 7 Pitch (nm) 80 70 65 57 50 45 40 36 32

(contacted)

MPU/ASIC Metal 1 (M1) %

Pitch (nm)(contacted) 90 78 68 59 52 45 40 36 32

MPU Physical Gate Length 32 28 55 2 20 18 16 14 13

(nm)
Lg: Physical gate length for LSTP [1]
Extended Planar Bulk and

DG (nm) 65 53 45 37 32 28 25 22 20
UTB FD (nm) 22 20
EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A) 21 20 19
UTB FD (A)
DG (A)
Gate Poly Depletion and Inversion-Layer Thickness [3]
Extended planar bulk (A) 6.3 6.3 6.3
UTB FD (A)
DG (A)
EOT,..: Electrical Equivalent Oxide Thickness in inversion [4]
Extended planar bulk (A) 27.3 26.3 25.3
UTB FD (A)
DG (A)
Jg limiy: Maximum gate leakage current density [5]
Extended Planar Bulk
(A/sz) 1.5E-02 1.9E-02 2.2E-02 2.7E-02 3.1E-02 3.6E-02 4.8E-02
UTB FD (A/em®)
DG (A/em?)
Vai: Power Supply Voltage
o 16 PPy Yorag 1.2 1.2 1.2 1.1 1.1 1.1 1 1 1

Vi sar: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV) 482 515 524 501 501 502 502 491 483
UTB FD (mV)
DG (mV)

Lsg jeak: Source/Drain Subthreshold Off-State Leakage Current [8]
Extended Planar Bulk
(nA/pm)

UTB FD (pA/um)
DG (pA/pm)
1y sar effective NMOS Drive Current [9]

Extended Planar Bulk
(nA/pm)

UTB FD (pA/pm)
DG (pA/um)

1.0E-05 1.0E-05 1.0E-05

497 500 519
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Table 41a  Low Standby Power Technology Requirements—Near-term (continued)

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk MOSFETs have reached the limits of practical scaling (see the text and the table notes for
further discussion).

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
2 f:m]\i ;/; df iich (nm) 80 70 65 57 50 45 40 36 32
P
%ﬁ Lh]/ Z‘Z)C((f’ft’z(lj tIe ‘g)M D% 90 78 68 59 52 45 40 36 32
ZZ j] Physical Gate Length 32 28 25 2 20 18 16 14 13
Mobility Enhancement Factor for 1y sqr [10]
Extended Planar Bulk 111 111 11 11 111 1.15 1.17 1.16 1.16
UTB FD 1.04 1.05
DG 1 1.04
Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk 1 1 1 1 1 1 1
UTB FD
DG
Rgq: Effective Parasitic series source/drain resistance [12]

Extended Planar Bulk
(Q-pm)

UTB FD (Q-um)

DG (Q-pm)
Cgideal: Ideal NMOS Device Gate Capacitance [13]

Extended Planar Bulk

180 180 180

A S O IO Tl S KO IO SN ol 6.62E-16 ~ 6.06E-16 = 5.64E-16 < 5.01E-16 4.70E-16 4.58E-16

(F/um)
UTB FD (F/um) 4.74E-16 4.60E-16
DG (F/um) 4.46E-16 4.31E-16

Cg toar- Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk

IROLCI=Sy KRNI RC TSI =S CR I RV =S (Ol ©.02E-16 | 8.46E-16 | 8.04E-16 | 6.81E-16 | 6.40E-16 | 6.18E-16

(F/um)
UTB FD (F/um) 6.94E-16 6.50E-16
DG (F/um) 6.86E-16 6.71E-16

7=CV/I: NMOSFET intrinsic
delay (ps) [15]

1/t: NMOSFET intrinsic
switching speed (GHz) [16]

2.56 2.25 1.97

391 444 508

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known
Manufacturable solutions are NOT known
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Table 41b  Low Standby Power Technology Requirements—Long-term

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully
depleted (UTB FD) SOI or double-gate (DG) MOSFETs, or beyond when planar bulk MOSFETs have reached the limits of
practical scaling (see the text and the table notes for further discussion).

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)(contacted)| 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lg: Physical gate length for LSTP [1]

Extended Planar Bulk and DG (nm) 18 16 14 13 12 11 10

UTB FD (nm) 18 17 16 15 14 13 12
EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

UTB FD (A)

DG (A)
Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Extended planar bulk (A)
UTB FD (A)
DG (&)

Jg limir: Maximum gate leakage current density [5]
Extended Planar Bulk (A/cmz)
UTB FD (A/em?)

DG (A/cmz)

Vaa: Power Supply Voltage (V) [6] ‘ 1 ‘ 1 ‘ 1 | 1 | 1 | 1 ‘ 1

Vi sar: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV)
UTBFD (mV) 487 | 487 | 492 488 486
DG (mV) 436 | 438 | 440 443 443

Lsg jeak: Source/Drain Subthreshold Off-State Leakage Current [§]

Extended Planar Bulk (uA/pm)

UTB FD (pA/pm) 1.1E-05 1.1E-05 1.2E-05| 1.2E-05| 1.2E-05 1.30E-05 1.60E-05

DG (nA/pm) 1.0E-05 1.0E-05 1.0E-05 1.0E-05| 1.0E-05 1.0E-05 1.0E-05
1y sar effective NMOS Drive Current [9]

Extended Planar Bulk (nA/pm)

UTB FD (pA/um) 1108 | 1188

DG (uA/pm) 1011 | 1090
Mobility Enhancement Factor for 14 sq; [10]

Extended Planar Bulk

UTB FD 1.06 1.06 1.05 1.05 1.05 1.04 1.04

DG 1.06 1.06 1.05 1.05 1.05 1.05 1.04
Effective Ballistic Enhancement Factor [11]

Extended Planar Bulk

UTB FD 1 1.08 1.15 1.24 1.32 1.4 1.48

DG 1 1 11 | 116 | 124
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Table 41b  Low Standby Power Technology Requirements—Long-term (continued)

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB
FD) SOI or double-gate (DG) MOSFETs, or beyond when planar bulk MOSFETs have reached the limits of practical scaling (see the
text and the table notes for further discussion).

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Rsq: Effective Parasitic series source/drain resistance [12]
Extended Planar Bulk (Q-pm)
UTB FD (Q-um)
DG (Q-pm)
Cgidear: 1deal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um)
UTB FD (F/um) 4.44E-16 4.51E-16 4.60E-16 4.31E-16 4.02E-16 3.74E-16 3.45E-16
DG (F/pm) 4.14E-16 3.68E-16 3.22E-16 3.20E-16 2.96E-16 2.92E-16 2.65E-16
Cg totar- Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk (F/um)
UTB FD (F/pm) 6.14E-16 6.11E-16 6.20E-16 5.91E-16 5.63E-16 5.34E-16 5.05E-16
DG (F/um) 6.54E-16/5.98E-16 5.52E-16 5.40E-16 5.16E-16 4.92E-16 4.65E-16

7 =CV/I: NMOSFET intrinsic delay (ps) [15] 0.79 0.69 0.61 0.53 0.47 0.41 0.36
1/z: NMOSFET intrinsic switching speed (GHz) [16] [EWVAS 1449 1639 1887 2128 2439 2778

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known ;
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Table 41c¢  Low Operating Power Technology Requirements—Near-term UPDATED

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the table
notes for further discussion)..

15

Year in Production

2005

2006

2007

2008

2009

2010

2011

2012

2013

DRAM Y Pitch (nm) (contacted)

80

70

065

57

50

45

40

36

32

MPU/ASIC Metal 1 (M1) % Pitch
(nm)(contacted)

90

78

68

59

52

45

40

36

32

MPU Physical Gate Length (nm)

32

28

25

22

20

18

16

14

13

Lg: Physical gate length for LOP
(nm) [1]

45

37

32

28

25

22

20

18

16

EOT: Equivalent Oxide Thickness
2]

Extended planar bulk (A)

14

13

12

11

10

UTB FD (A)

DG (A)

Gate Poly Depletion and
Inversion-Layer Thickness [3]

Extended planar bulk (A)

6.5

6.5

6.4

UTB FD (A)

DG (A)

EOTjec: Electrical Equivalent
Oxide Thickness in inversion [4]

Extended planar bulk (A)

20.5

19.5

18.4

=
-
o

=
~

UTB FD (A)

DG (A)

Jg limie: Maximum gate leakage
current density [5]

Extended Planar Bulk (A/cmz)

3.30E+01

4.10E+01

7.80E+01

1.54E+02

1.61E+02

UTB FD (A/cm?)

OE+0O 4

DG (A/em’)

Vaa: Power Supply Voltage (V)
[6]

0.9

0.9

0.8

0.8

0.8

0.7

0.7

0.7

0.6

Vi sar: Saturation Threshold
Voltage [7]

Extended Planar Bulk (mV)

288

303

285

226

UTB FD (mV)

DG (mV)

Isq leak: Source/Drain
Subthreshold Off-State Leakage
Current [8]

233

231

Extended Planar Bulk (uA/um)

3.00E-03

3.00E-03

5.00E-03

8.6E-03

UTB FD (nA/um)

8.0E-03

5.00E-03

DG (pA/pm)

14 sar’ effective NMOS Drive
Current [9]

Extended Planar Bulk (uA/um)

589

607

573

(0]
-
N

UTB FD (nA/um)

DG (pA/pm)

Mobility Enhancement Factor for
lgsar [10]

1.80E-02 | 2.50E-02

Extended Planar Bulk

1.12

1.11

1.11

=
=
[e8)

=
[
[e8)

1.11

1.11

1.11

UTB FD

1.07

1.06

1.06

DG

1.06

1.06

1.06

Effective Ballistic Enhancement
Factor [11]
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Year in Production

2005

2006

2007

2008

2009

2010

2011

2012

2013

DRAM Y Pitch (nm) (contacted)

80

70

065

57

50

45

40

36

32

MPU/ASIC Metal 1 (M1) % Pitch
(nm)(contacted)

90

78

68

59

52

45

40

36

32

MPU Physical Gate Length (nm)

32

28

25

22

20

18

16

14

13

Extended Planar Bulk

1

1

UTB FD

1.26

DG

1.12

1.14

1.37

Ryq: Effective Parasitic series
source/drain resistance [12]

Planar Bulk (Q-pm)

180

180

180

180

180

UTB FD (Q-um)

DG (Q-um)

Cgideal” Ideal NMOS Device
Gate Capacitance [13]

Extended Planar Bulk (F/um)

7.57E-16

6.55E-16

6.00E-16

5.51E-16

UTB FD (F/pm)

5.17E-16 JCRAVSNTS

DG (F/um)

Cg totar: Total gate capacitance
or calculation of CV/I [14]

Extended Planar Bulk (F/um)

9.97E-16

8.95E-16

8.40E-16

7.91E-16

UTB FD (F/pm)

7.37E-16 JRSFIVSNE

DG (F/um)

t=CV/I: NMOSFET intrinsic
delay (ps) [15]

1.52

1.33

1.17

1.03

0.9

1/t: NMOSFET intrinsic
switching speed (GHz) [16]

658

752

855

971

1111

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known
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Table 41d  Low Operating Power Technology Requirements—Long-term

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the

table notes for further discussion).

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) %: Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lg: Physical gate length for LOP (nm) [1] 14 13 11 10 9 8 7

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended planar bulk (A)

UTB FD (A)

DG (A)

EOT e Electrical Equivalent Oxide Thickness in inversion [4]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Jglimie: Maximum gate leakage current density [5]

Extended Planar Bulk (A/cm?)

UTB FD (A/cm?)

3.6E+02 3.8E+02

1.1E+03

DG (A/em?)

3.6E+02 3.8E+02 9.1E+02 1.0E+03 1.1E+03 1.3E+03 1.4E+03

Vaa: Power Supply Voltage (V) [6]

Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

DG (mV)

Isq jeak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (pA/um)

UTB FD (pA/pum)

1.0E-02 1.0E-02

2.5E-02

DG (pA/pm)

1.0E-02 1.0E-02  2.0E-02 2.0E-02

14 sar effective NMOS Drive Current [9]

Extended Planar Bulk (uA/um)

UTB FD (pA/pm)

DG (nA/pm)

Mobility Enhancement Factor for 1y g4 [10]

Extended Planar Bulk

UTB FD

1.05 1.05 1.04

DG

1.06 1.06 1.06 1.06 1.05 1.05 1.05

Effective Ballistic Enhancement Factor [11]

Extended Planar Bulk

UTB FD

1.28 1.37

DG

1.38 1.47
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Table 41d  Low Operating Power Technology Requirements—Long-term (continued)

Grey cells delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the
table notes for further discussion).

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) %: Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Rsq: Effective Parasitic series source/drain resistance [12]
Planar Bulk (Q-um)
UTB FD (Q-um)
DG (Q-pm)
Cgidear: 1deal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um)

UTB FD (F/um) 4.02E-16 3.74E-16 ‘ 3.45E-16

DG (F/pm) 4.02E-16 3.74E-16 ‘ 3.45E-16 3.14E-16 2.82E-16 2.51E-16 2.20E-16
Cg totar- Total gate capacitance for calculation of CV/I [14]

Extended Planar Bulk (F/um)

UTB FD (F/um) 5.83E-16 5.44E-16 ‘ 5.05E-16

DG (F/pm) 6.43E-16 6.14E-16 ‘ 5.55E-16 5.24E-16 4.82E-16 4.41E-16 4.00E-16
t=CV/I: NMOSFET intrinsic delay (ps) [15] 0.47 0.41 ‘ 0.36 0.28 0.24 0.21
1/z: NMOSFET intrinsic switching speed (GHz) [16] [WAWAS 2439 ‘ 2778 3571 4167 4762

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known ;

Notes for Tables 41a through 41d (LSTP and LOP):
As described in the text, MASTAR, a detailed analytical MOSFET modeling software package, has been utilized to generate the parameter values
in these tables. The MASTAR modeling package and user’s manual are in the backup material on the ITRS website, as well as the detailed
MASTAR simulations that underlay these tables. Also note that the parameters in this table are for an NMOSFET with nominal gate length at an
operating temperature of 25°C. Furthermore, although there are multiple MOSFETs in a typical logic chip, with differing threshold voltages,
lon, loff, and oxide thickness, for LSTP logic the transistor specified in this table is the transistor with the highest threshold voltage, lowest lon
and loff; highest oxide thickness, and slowest CV/I. The majority of the transistors on the chip are of this type, in order to keep the leakage and
static power dissipation within tolerable limits. This transistor is specified here because it drives the technology. In contrast, for LOP logic, the
transistor specified in this table is the “standard” transistor, with intermediate threshold voltage, Io,, and I The majority of the transistors on
the chip are of this type, because the performance requirements are critical, and standby power dissipation is less critical than for LSTP.
Dynamic power dissipation is critical here, and Vg, is rapidly scaled to keep this within tolerable limits. This transistor is specified here because
it drives the technology.
As explained in the text, multiple parallel options for the transistor type are included in the tables, including planar bulk CMOS extended to its
practical scaling limits, ultra-thin body fully-depleted (UTB FD) SOI CMOS, also extended to its practical scaling limits, and double-gate (DG)
CMOS (e.g., FinFETs). Note that, for LOP, the limit for planar bulk CMOS is through 2012, and for UTB FD is through 2016. UTB FD and DG
start in 2011, with overlap of the three options from 2011 through 2012. In contrast, for LSTP, the limit for planar bulk CMOS is through 2013,
and UTB FD continues through 2020. UTB FD and DG start in 2012, with overlap of the three options from 2012 through 2013.
For each transistor option, the scaling of the numbers in the tables reflects a particular scaling scenario in which we have attempted to optimally
scale to meet the key goals while keeping the performance, short channel effects, and other key characteristics under control. For LSTP, the key
goal is ultra-low leakage current, while for LOP the goal is relatively high speed and low dynamic power dissipation, along with low leakage
current (but not so low as for LSTP). However, there are numerous parameters (such as EOT, Vag, Isg jeats etc.) that can be varied, and different
scaling scenarios are possible by making different choices on the scaling of these parameters. The scenarios in this table were selected to be as
representative of the industry as possible. In particular, in these tables, high-x gate dielectric and metal gate electrode are assumed to be
available in 2008. See the figures and discussion in the text for why high-x gate dielectric is required in 2008.
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[1] Lg is the physical gate length: the final, as-etched length of the bottom of the gate electrode. The values here lag behind the gate length
values for high- performance logic by two years (LOP) or four years (LSTP) in order to meet the stringent leakage current requirements. For
UTB FD devices, late in the ITRS, Lg scaling lags slightly behind that for DG MOSFETs because of the difficulty in scaling UTB FD MOSFETs
for such short devices. The gate dimensional control requirement is set by the Lithography and FEP Etch ITWGs, and is assumed to have a
three-sigma value of + 12% x Lq. It is expected that meeting this requirement will become increasingly difficult with scaling (refer to the
Lithography chapter and the FEP Chapter). Gate length variation is assumed to be a primary factor responsible for driving device parameter
variation.

[2] For a gate dielectric of thickness T and relative dielectric constant k, EOT is defined by: EOT = T,/ (k/3.9), where 3.9 is the relative

dielectric constant of thermal silicon dioxide. For a MOSFET with the gate dielectric of thickness T, the ideal gate capacitance per unit area is
the same as that of a similar MOSFET, but with a gate dielectric made up of thermal silicon dioxide with a thickness of EOT. Red coloring from
2008-2010-0# reflects the projected implementation of high-« gate dielectric, due to the inability of silicon oxy-nitride gate dielectric to meet the
gate leakage current density limits for those years (for LOP logic, this is delayed until 2010 from the 2008 projected deployment date in the
2005 ITRS, while the 2008 deployment date is retained for LSTP logic. See the summary for further dlscusswn on thls pomt) The red color
reflects the current lack of a well-known solution for high-x gate dielectric with metal gate electrode—+hic: (see
Note 3). Measurement of EOT is complicated, and is usually done via sophisticated MOS capacttor-voltage (C V) measurements on MOS
capacitors or via optical measurements.

[3] Accounts for gate electrode depletion and inversion-layer effects, including quantum effects, both of which are calculated by MASTAR. For
polysilicon gate electrodes, the portion of the electrical thickness adjustment due to gate electrode depletion is dependent on the polysilicon
doping. For 2008- 2010 and beyond, it is assumed that metal-gate electrodes, which reduce the gate depletion effect to zero, will be introduced.
(This is delayed from the 2008 projected deployment date in the 2005 ITRS; see the text for further discussion on this point). The abrupt
reduction in this parameter for 2668 2010 reflects the zero depletion. For 2068 2010 and beyond, the difference between the parameter value for
planar bulk versus the 4 nm value for DG and UTB FD reflects the light channel doping in the latter types of MOSFET and the heavy channel
doping in planar bulk. The red color for metal gate electrodes reflects the current lack of a well-known solution for metal gate electrodes with
well-controlled and tunable work functions. For planar bulk CMOS, the work function needs to be near the silicon conduction band for NMOS
and near the silicon valence band for PMOS to properly set the MOSFET threshold voltage, as with polysilicon gates. For UTB FD and DG
MOSFETS, the channel is very thin and lightly doped, and the work function of the metal gates needs to be within a few hundred millivolts of the
silicon midgap (i.e., “near silicon midgap” work function) to properly set the MOSFET s threshold voltage.

[4] EOT,ec is the sum of EOT and electrical thickness adjustment (see Notes [2] and [3] above). For MOSFETs in inversion, ideal gate

capacitance per unit area (see Note [14]) is &,y / (EOT sjoc), Where &,y is the dielectric constant of thermal silicon dioxide. The equivalent
electrical oxide thickness in inversion is used in calculations of the CV/I intrinsic delay (see Note [16]). Red/vellow coloring follows that of EOT
and Electrical Thickness Adjustment.

[5] Jg,timir is the maximum allowed gate leakage current density at 25°C, and it is measured with the gate biased to Vg and the source, drain,

and substrate all set to ground. Jg jimis is related to Iy jeay, the nominal subthreshold leakage current per micron device width (see Note [8]

below). Specifically, Jg jimit= [Isd leak / (Physical gate length)] x [Hi T Factor] / [Circuit Factor]. For LOP, Hi T Factor is set to 5, and it
accounts for the high opemtmg temperature (well over room temperature, but not as high as the 100°C for high-performance logic, where Hi T

Factor = 10). Hi T Factor accounts for both the rapid increase in Isq jeqk With temperature and the insensitivity of gate leakage current (since it
is due to direct tunneling) to temperature. For LSTP, where the operating temperature is expected to be room temperature, Hi T Factor = 1. The
Circuit Factor is set to 1, and it accounts for the differences between the subthreshold leakage current and the gate leakage current in logic

gates compared to single isolated transistors as specified by the Jg jimis and Igq jeqk parameters in this table. (The reason for these differences is
the different bias conditions on the various transistors in logic gates compared to the bias conditions used to define Iy joqr (See Note 8) and
Jg,limit for the NMOS transistor in this table). The values of Hi T Factor and Circuit Factor used here are rough estimates. The yellow and red
coloring follows that of EOT (see Note [2] above).

[6] Vaq is the nominal power supply voltage. It has been chosen to maintain sufficient voltage over-drive [V g3 — saturation threshold voltage (see
Note 7)] in order to meet the required saturation current drive values while still maintaining reasonable vertical gate dielectric electric field
strengths. Target power supply voltage values for actual ICs may vary £ 10% (or more) from the values in this table, depending on the particular

circuit design application or technology optimization. Note that Vgg is relatively high and scales slowly for LSTP, because the saturation
threshold voltage is high here to keep the subthreshold leakage current very low. On the other hand, for LOP V4, scales down rapidly in order to
keep the dynamic power dissipation low.

[7] Visat is the saturation threshold voltage for a nominal gate length transistor with drain bias set equal to Vyq, as calculated by MASTAR. The
threshold voltage values and the corresponding subthreshold leakage current values (see Note [8]) have been chosen to maintain sufficient

voltage over-drive (Vgq — saturation threshold voltage) in order to meet the required saturation current drive values (see Note [9]). For planar
bulk, the yellow color is associated with the very high substrate doping approaching or exceeding SE18 cm™ (from MASTAR) required to set the
threshold voltage to the desired level and to keep short channel effects under control. For UTB FD devices, the color is red from the beginning
because of the challenges of controlling the very thin silicon body thickness (right from the beginning, ~7 nm for LOP and < 7 nm for LSTP)

required to control Vi sq; and short channel effects. For DG devices, the color is red right from the beginning because there are numerous issues
that are not understood here; in particular, defining and controlling the fin width, which is typically ~0.6 Lg, is a major challenge.
[8] Lsg jeak: subthreshold leakage current is defined as the NMOSFET source current per micron of device width, at 25°C, with the drain bias set

equal to V44 and with the gate, source, and substrate biases set to zero volts. Total NMOS off-state leakage current (o) is the NMOSFET drain
current per micron of device width at 25°C, and is the sum of the NMOS subthreshold, gate, and junction leakage current (which includes band-
to-band tunneling and gate induced drain leakage [GIDL]) components. The subthreshold leakage current is assumed to be larger than the

Jjunction leakage current component at either 25°C or high-temperature conditions, but see Note [5] for the relation between Iy joqk and gate
leakage current density. The yellow and red coloring follows that of the Vi, (see Note 7 above) because Vi is a critical determinant of

Isq jeak- The above subthreshold, gate, and junction leakage current scaling scenario also applies to PMOS devices.
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[9] 14 sar: saturation drive current is defined as the NMOSFET drain current per micron device width with the gate bias and the drain bias set
equal to Vg and the source and substrate biases set to zero. The saturation drive current values have been chosen to continue the historical
approximate 17% per year device performance scaling (see Note 16 below). PMOS saturation drive current value is assumed to be (40-50)% of
the NMOS saturation drive current value. Yellow/red coloring follows that of four items: the parasitic source/drain series resistance, Ry (see
Note 12 below), the equivalent electrical oxide thickness in inversion (see Note 4), the mobility enhancement factor (see Note 10), and the
ballistic enhancement factor (see Note 11).

[10] Mobility Enhancement Factor for 1; 4 captures the improvement in the saturation drive current due to mobility enhancement. This factor
is defined as [enhanced 1 sq/lgref = ld ratio Where [enhanced 1y q, is the actual saturation drive current including the impact of enhanced
mobility and 14 ,eris the saturation drive current in the absence of mobility enhancement. MASTAR calculates 14 yq4io as a function of the mobility
enhancement factor, i, = [enhanced mobility]/[reference mobility], where [enhanced mobility] is the actual mobility including the
enhancement, and [reference mobility] is the mobility in the absence of enhancement. Generally, 14 410 is significantly less than .4, due to
short channel effects and velocity saturation. Following the literature, the value of qsio is limited to a maximum of 1.8." Mobility enhancement
was implemented in product in 2004° to meet the required saturation drive current, and hence the coloring for extended planar bulk is initially
white. However, there are numerous approaches in the literature for mobility enhancement (including global strain using thin silicon epitaxial

layers on SiGe epitaxial layers,’ different process induced strain approaches such as strained thin overlayers of SiN and selective epitaxial SiGe
in the S/D, hybrid orientations, etc.>*?), and as we continue to scale MOSFETS, it is unclear what the optimal approach(es) will be and how to
integrate them into the process flow. Consequently, for both LSTP and LOP the row is colored yellow when Ly=20 nm and the scaling becomes
difficult enough that the doping approaches SE18 e according to the MASTAR modeling. This occurs in 2013 for LSTP and in 2011 for LOP.
For both FD SOI and DG, the row starts out yellow because we don’t at this point understand manufacturable solutions to mobility enhancement
for these device types.

[11] Effective Ballistic Enhancement Factor is a multiplying factor for 1 sqy, reflecting quasi-ballistic enhanced transport in highly scaled, ultra-
thin body MOSFETs, both UTB FD SOI and DG MOSFETs. Planar bulk CMOS does not have ballistic enhancement because of the high doping
in these devices. Values for this factor greater than 1 reflect quasi-ballistic enhancement. The value of this parameter is driven by the required
saturation drive current to meet performance requirements. The initial yellow coloring reflects that quasi-ballistic enhancement is expected (and
predicted by MASTAR) for undoped, very scaled UTB FD and DG MOSFETs. The later red coloring reflects the lack of known manufacturable
enhanced transport solutions for transistors with gate length approaching 10nm.

[12] Ry is the maximum allowable parasitic series source plus drain resistance for a MOSFET of one micron width. The values are scaled to
allow the required saturation current drive values (see Note [9]) to be met. Yellow/red coloring reflects FEP TWG projections on contact
resistance, salicide sheet resistance, and drain extension scaling.

[13] Cgideal is the ideal gate capacitance per micron device width, in inversion. Cg igeal =[Epx HEOT )] x Lg, where &,y is the dielectric
constant of thermal silicon dioxide, EOTelec is the equivalent electrical oxide thickness in inversion (see Note [4]), and Lg is the physical gate
length (see Note [1]). The red/yellow coloring follows that of EOTelec (see Note [4]).

[14] Cg total is the total gate capacitance per micron device width in inversion. This is the sum of Cg igeq) and the parasitic gate overlap/fringing
capacitance per micron device width [including the Miller effect]. Red/yellow color here follows that of Cg jgeal-

[15] t is the intrinsic transistor delay for NMOS devices at 25°C. t= (Cg,to1a1 X Vid) / 1 sar T for PMOSFETSs is assumed to scale similarly, but

with PMOS 144t ~ (0.4-0.5) x (NMOS 1 549). T is a good metric for the intrinsic switching delay of the device, while 1/t is a good metric for the
intrinsic switching speed of the device. Red/yellow coloring follows that of both saturation drive current (see Note [9]) and Cg,total (see Note
[14]).

[16] 1/tis the NMOS intrinsic switching speed. Red/yellow coloring follows that of .
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MEMORY TECHNOLOGY REQUIREMENTS

Table 42a  DRAM Technology Requirements—Near-term

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013

\DRAM %: Pitch (nm) [1] 80 70 65 57 50 45 40 35 32

DRAM cell size (um’) [2] 0.0514 0.0408 0.0324 0.0193 0.0153 0.0122

DRAM storage node cell capacitor

dielectric: equivalent oxide thickness 1.8 14 11 0.9 0.8

EOT (nm) [3]

DRAM storage node cell capacitor

voltage (V) [4] 15 14 13 1.2 11

Electric field of capacitor dielectric,

MV/em) [5] 8 10 12 13 14

DRAM cell FET dielectric: equivalent

oxide thickness, EOT (nm) [6] 55 5 5 45 4 4 4 4 4

Maximum Wordline (WL) level (V) [7] 35 3.3 3.3 3 2.7 2.7 2.7 2.6 2.6

Electric field of cell FET device

dielectric (MV/em) [8] 6.4 6.6 6.6 6.7 6.8 6.8 6.8 6.5 6.5

Cell Size Factor: a [9] 8 8 8 6 6 6 6 6 6

Array Area Efficiency [10] 0.63 0.63 0.63 0.56 0.56 0.56 0.56 0.56 0.56

j\'/llzjr}zmum DRAM retention time (ms) 64 64 64 64 64 64 64 64 64

DRAM soft error rate (fits) [12] 1000 1000 1000 1000 1000 1000 1000 1000 1000
Table 42b DRAM Technology Requirements—Long-term

Year in Production 2014 2015 2016 2017 2018 2019 2020

\DRAM %: Pitch (nm) [1]

DRAM cell size (um’) [2] 0.0048 0.0038 0.0030 0.0024 0.0019 0.0015 0.0012

DRAM storage node cell dielectric: equivalent physical thickness
EOT (nm) [3]

DRAM storage node capacitor voltage (V) [4]
Electric field of capacitor dielectric, (MV/cm) [5]

DRAM cell FET dielectric: equivalent oxide thickness, EOT (nm)

[6] 4 3.5 35 35 3 3 3
Maximum Wordline (WL) level (V)1 [7] 2.6 2.3 2.3 2.3 2 2 2
Electric field of cell FET device dielectric (MV/cm) [8] 6.5 6.6 6.6 6.6 6.7 6.7 6.7
Cell Size Factor: a [9] 6 6 6 6 6 6 6
Array Area Efficiency [10] 0.56 0.56 0.56 0.56 0.56 0.56 0.56
Minimum DRAM retention time (ms) [11] 64 64 64 64 64 64 64
DRAM soft error rate (fits) [12] 1000 1000 1000 1000 1000 1000 1000

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known €

Manufacturable solutions are NOT known _

Notes for Tables 42a and b:

[1] From ORTC (Overall Roadmap Technology Characteristics) Table 1a and b. These DRAM half pitch numbers are the same as those in the 2004
ITRS due to no further speed up in the pace of DRAM half pitch scaling during 2004.

[2] The DRAM cell size is driven by the values for DRAM capacity (bits per chip) and chip size, as discussed in more detail in the Front End Process
chapter. The capacity and chip size numbers are based on the ORTC Tables 1a and 1b. Since the DRAM capacity and chip size numbers are quite

aggressive, the cell size must also be scaled aggressively. The difficulty will lie in reducing the value of the cell size factor “a”, where “a” equals (cell
size /F°) and F is the DRAM half pitch. The required values of “a” are 8 for DRAM ¥ pitch of 80- 65 nm and 6 for 57 nm and beyond,
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[3] Storage node cell dielectric EOT is defined as (dielectric physical thickness / [k/3.9]), where k is the relative dielectric constant of the storage node
cell dielectric and 3.9 is the relative dielectric constant of thermal SiO;. The value of EOT is driven by the values for DRAM capacity (bits per chip) and
chip size, as discussed in more detail in the Front End Process chapter. The capacity and the chip size numbers used by FEP are from the ORTC Tables
la and 1b. Since the values of DRAM capacity and chip size from FEP are quite aggressive, the EOT must also be scaled very aggressively. Up to the
65 nm technology generation in 2007, the dielectric material is based on Al,Os or Ta,Os with MIS structure, and hence the color is white. Beyond2007,
breakthroughs such as MIM structure and higher k material are needed, so the color is yellow. Finally, for the 45 nm technology generation and
beyond, there are no known solutions with demonstrated credibility, and hence the color is red. The actual EOT required for each year also depends on
other factors such as cell height and/or 3D structure, film leakage current and contact formation. Trench capacitors have other requirements for the
cell dielectric material.

[4] The DRAM storage node capacitor voltage is driven by two opposing needs. In conjunction with the storage node capacitance, which is inversely
dependent on EOT (see note [3]), this voltage should be large enough that the stored charge is tolerably large. On the other hand, the voltage must be
low enough that the resulting electric field in the dielectric (see Note [5]) is within acceptable limits.

[5] The electric field in the capacitor dielectric is (DRAM storage node capacitor voltage / DRAM storage node dielectric equivalent oxide thickness,
EOT). Due to the sharp increase in the field with scaling, the color turns yellow in 2008, when the electric field is 13 MV/cm, and red in 2010, when the
field becomes 18 MV/cm.

[6] DRAM cell FET dielectric EOT is defined as (dielectric physical thickness / [k/3.9]), where k is the relative dielectric constant of the DRAM cell
FET dielectric and 3.9 is the relative dielectric constant of thermal SiO,. The EOT values here are large, mainly because of the high word line voltage
levels (see Note 7) and the need to keep the electric field in the dielectric within tolerable limits (see Note 8)

[7] Maximum wordline level is the (highly boosted) gate voltage for cell FET devices. The high gate voltage is required to get enough device drive
current with high threshold voltage due to back gate voltage at the operating condition.

[8] The electric field in the cell FET device dielectric is (maximum wordline level / DRAM cell FET dielectric equivalent oxide thickness, EOT).

[9] Cell size factor = a = (DRAM cell size/F*), where F is the DRAM Y pitch. The required values of a are 8 for DRAM % pitch of 80-65 nm and 6 for

57 nm and beyond. In contrast to previous versions, the 2005 version of the DRAM table doesn’t have a = 4 because a 4F cell structure is considered
to be unrealistic.

[10] Array area efficiency is the ratio of cell array area to total chip area. Hence, array area efficiency = 1/ (1 + [peripheral circuit area]/NaF2 ),
where N is the DRAM capacity (number of bits per chip), F is the DRAM ¥ pitch, and a is the cell size factor (see Note 9). For a = 8, array area
efficiency is estimated to be 0.63, so when a is decreased to 6 after 2007, the array area efficiency is decreased to 0.56, assuming the same relative
peripheral circuit area.

[11] Retention time is defined at 85°C, and is the minimum time during which the data from memory can still be sensed correctly without refreshing a
row bit line. The 64 ms specified here is the value needed for PC applications. The retention time depends on the combined interaction of device leakage
current, signal strength and signal sensing circuit sensitivity, and also depends on operational frequency and temperature.

[12] This is a typical FIT rate and depends on cycle time and the quality of cell capacitor and sensing circuits.
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NON-VOLATILE MEMORY TECHNOLOGY REQUIREMENTS
Table 43a  Non-Volatile Memory Technology Requirements—Near-term

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Flash technology NOR/NAND — F (nm) [1] 80/76 70/64 65/57 57/51 50/45 45/40 40/36 35/32 32/28

Flash NOR cell size — area factor a in multiples of

9-11 9-11 9-11 9-12 10-12 9-12 9-12 10-12 10-12
F 2], 131, [4]. [5]

Flash NAND cell size — area factor a in multiples

OfFZSLC/MLC /6] 4.0/2.0 | 4.0/2.0 | 4.0/2.0 | 4.0/2.0 | 4.0/2.0 | 4.0/1.0 | 4.0/1.0 | 4.0/1.0 | 4.0/1.0

Flash NOR typical cell size (,umz) [7], [8] 0.064 0.049 0.042 0.034 0.028 0.021 0.017 0.013 0.011
Flash NOR Lg-stack (physical — um) [8], [9] 0.14 0.135 0.13 0.12 0.12 0.11 0.11 0.1 0.1
Flash NOR highest W/E voltage (V) [10], [11] 7-9 7-9 7-9 7-9 7-9 6-8 6-8 6-8 6-8
Flash NAND highest W/E voltage (V) [12] 17-19 17-19 | 15-17 | 15-17 | 15-17 | 15-17 15-17 15-17 | 15-17
Flash NOR ILeqq (A) [13] 29-37 28-36 | 27-35 | 26-34 | 25-33 | 27-33 | 27-33 | 26-32 | 25-31
Flash coupling ratio [14] 0.65-0.75| 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7
Flash NOR tunnel oxide thickness EOT (nm) [15] 8-9 8-9 8-9 8-9 8-9 8 8 8 8
;’Ilc;;h NAND tunnel oxide thickness EOT (nm) 7_8 7.8 6-7 6-7 6-7 6-7 6-7 6-7 6-7
Flash NOR interpoly dielectric thickness EOT 13-15 13-15 13-15 13-15 13-15 10-12 10-12 10-12 10-12
(mm) [17]

Zg‘;h NAND interpoly dielectric thickness (nm) | 13 15 | 13 15 | 10-13 | 10-13 | 10-13 | 10-13 | 10-13 | 10-13 (WL
Flash endurance (erase/write cycles) [19] 1.00E+05|1.00E+05|1.00E+05|1.00E+05|1.00E+05|1.00E+06|1.00E+06|1.00E+06|1.00E+06
Flash nonvolatile data retention (years) [20] 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20 20
Flash maximum number of bits per cell (MLC) 2 2 2 2 2

[21]

FeRAM technology — F (nm) [22] 130 110 100 90 80

FeRAM cell size — area factor a in multiples ofF2 34 34 30 30 30

[23]

FeRAM cell size (,umz) [24] 0.575 0.411 0.300 0.243 0.192 0.060 0.041
FeRAM cell structure [25] 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [26] stack stack stack stack stack 3D 3D
FeRAM capacitor footprint (,umz) [27] 0.32 0.23 0.158 0.128 0.101

FeRAM capacitor active area (,umz) [28] 0.32 0.23 0.158 0.128 0.101

FeRAM cap active area/footprint ratio [29] 1 1 1 1 1 1.55 1.85 2.2 3.31
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Table 43a Non-Volatile Memory Technology Requirements—Near-term (continued)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM " Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
1 1o
MPU/ASIC Metal 1 (M1) % Pitch 9% 78 68 59 52 45 40 36 32
(nm)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Ferro capacitor voltage (V) [30] 1.5 1.5 1.2 1.2 1.2 1 1 1 0.7
FeRAM minimin switching charge 114 | 142 | 19 22 3 0 30 30 30
density (yC/cmz) [31] ’ ’
ﬁSAM R e BT L BT =PA RN SN >10516 >1.0E16 >LO0EL6 >1.0E16 >LOEL6 >1.0E16
FeRAM nonvolatile data retention 10 10 10 10 10 10 10 10 10
(vears) [33]
?305 OS/NROM technology = F (nm) 100 90 70 65 55 50 45 40 35
SONOS/NROM cell size — area factor a 55 55 6 6 6 6 6 6 6.5
in multiples 0fF2 [35] ' ' '
. . 2

fgsl}’OS/NROM tpical cell size (um’) | g055 | 0045 | 00290 | 0025 | 0018 | 0015 | 0012 | 001 | 0.008
SONOS/NROM maximum number of bits
per cell ((physical 2-bit/cell) x MLC) 2 2 2 2 2
[37]
SONOS/NROM area per bit (,umz) [38] 0.028 0.022 0.015 0.013 0.009
SONOS Lg-stack (physical — um) [39] 0.17 0.17 0.16 0.16 0.16
SONOS highest W/E voltage (V) [40] 5.0-6.0 | 5.0-6.0 | 5.0-5.5 | 5.0-55 | 5.0-5.5 | 5.0-55 | 5.0-5.5 | 5.0-55 | 5.0-5.5
SONOS/NROM I,.00q (UA) [41] 31-41 29-39 27-37 25-35 25-35 25-35 25-35 24-34 23-33
SONOS/NROM tunnel oxide thickness 45 4 35 35 35 35 35 35 3
(nm) [42]
SONOS/NROM nitride dielectric
thickness (nm) [43] 5 4.5 4 4 4 4 4 4 4
SONOS/NROM blocking (top) oxide or
dielectric thickness (nm) [44] 4.5 4.5 4 6 6 6 6 6 6
fy(z]}; 3S/;Z§]0M endurance (erase/write | 1 40e 4071 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E-+08 | 1.00E+08 | 1.00E+08 | 1.00E+08
SONOS/NROM nonvolatile data 1020 | 1020 | 1020 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20
retention (years) [46]
MRAM technology F (nm) [47] 180 90 90 65 65 45 45 45 32
MRAM cell size area factor a in 5 23 20 29 ae
multiples ofF2 [48]
MRAM typical cell size (um’) [49] 0.81 0.19 0.16
MRAM switching field (Oe) [50] 35 35 35
MRAM write energy (pJ/bit) [51] 150 100 70
MRAM active area per cell (/zmz) [52] 0.11 0.05 0.05
MRAM resistance-area product (Kohm- 4 5 5 11 1 0.8 0.8 0.8 06

2 . . . . .
(um”) [53]

i )

%IZIM magnetoresistance ratio (%) 40 70 70 70 70 70 70 70 70
%I;lM nonvolatile data retention (years) >10 >10 >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write >3¢16 | >3e16 | >3e16 | >3e16 | >3e16 | >3e16 | >3e16 | >3e16 | >3el6
cycles) [56]
MRAM endurance — tunnel junction
reliability (years at bias) [57] >10 >10 >10 >10 >10 >10 >10 >10 >10
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Table 43a Non-Volatile Memory Technology Requirements—Near-term (continued)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch
(nm)(contacted) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
PCRAM technology F (nm) [58] 90 70 65 57 50 45 40 35 32
PCRAM cell size area factor a in 72 70 6.4 56 58 58 58 6.1 58
multiples of F (BJT access device) [59] ' ' ' ' ' ' ' ' '
PCRAM cell size area factor a in
multiples of F* (nMOSFET access 17.0 14.9 12.8 11.8 11.6 11.0 10.5 10.1 9.5
device) [60]
} ) 2
PCRAM typical cell size (") (BJT 0059 | 0034 | 0027 | 0018 | 0015 | 0012 | 0.0092 [ENeEFZERENCYeE]
access device) [61]
2
PCRAM typical cell size (um”)
(WMOSFET access device) [62)] 0.14 0.073 0.054 0.038 0.029 0.022 0.017 0.012 0.0097
PCRAM number of bits per cell (MLC)
[63] 1 1 2 2 2 4 4
PCRAM typical cell area per bit size 0059 | 0034 | 0014 | 0009 | 0008 | 0003 | 0.0023
(um”) (BJT access device) [64] ’ ’ ’ ’ ’ ’ ’
PCRAM typical cell area per bit size
(/m12) (WMOSFET access device) [65] 0.14 0.073 0.027 0.019 0.015 0.006 0.004 0.003 0.0025
PCRAM storage element CD (nm) [66] 32 25 23 21 18 16 14 13 12
3
Z%MM phase change volume (nnr”) 17,157 | 8181 | 6371 | 4849 | 3,054 | 2145 | 1437 | 1,150 905
PCRAM reset current (uA) [68] 270 191 170 150 121 102 85
PCRAM set resistance (Kohm) [69] 25 3.4 3.7 4.3 5.0 5.7 6.5
) 2
ff;AM BJT current density (A/em”) | 4 3,6 | 50E+6 | 5.1E+6 | 5.9E+6 | 6.2E+6 | 6.5E+6 | 6.8E+6 [N IMIRCR-=T
PCRAM BJT emitter area (,umz) [71] 0.0064 0.0039 0.0033 0.0026 0.0020 0.0016 0.0013 0.00096 | 0.00080
PCRAM nMOSFET current density for 643 689 802 896 842 853 849 924 987
reset (uA/um) [72]
I[Dg;AM nMOSFET device width (um) 0.42 0.28 0.21 0.17 0.14 0.12 0.10 0.083 | 0.069
PCRAM nonvolatile data retention
(vears) [74] >10 >10 >10 >10 >10 >10 >10 >10 >10
PCRAM write endurance (read/write | 4 oe 115 | 1 0E+12 | 1.0E+12 | 1.0E+12 | 1.0E+12 | 1.0E+13 | 1.0E+13 | 1.0E+13
cycles) [75]

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known |4
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Table 43b Non-Volatile Memory Technology Requirements—Long-term

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Flash technology NOR/NAND — F (nm) [1] 28/25 25/23 22/20 20/18 18/16 16/14 14/13
Flash NOR cell size — area factor a in multiples osz [2], [3], 10-12 10-13 10--13 11-14 11-14 19-14 12-14
4. [5]

?é}lsh NAND cell size — area factor a in multiples osz SLC/MLC 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0
Flash NOR typical cell size (,umz) [7], [8] 0.0086 0.0073 0.0057 0.005 0.004 0.0034 0.0026
Flash NOR Lg-stack (physical — um) [8], [9]

Flash NOR highest W/E voltage (V) [10], [11] 6-8 6-8 6-8 6-8 6-8 6-8 6-8
Flash NAND highest W/E voltage (V) [12] 15-17 15-17 15-17 15-17 15-17 15-17 15-17
Flash NOR Ieqq (uA) [13] 24-30 23-29 22-28 21-27 20-26 19-25 18-24
Flash coupling ratio [14] 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7

Flash NOR tunnel oxide thickness EOT (nm) [15]

Flash NAND tunnel oxide thickness EOT (nm) [16]

Flash NOR interpoly dielectric thickness EOT (nm) [17]

8 10 8 10

Flash NAND interpoly dielectric thickness (nm) [18]

9-10 9-10

Flash endurance (erase/write cycles) [19]

Flash nonvolatile data retention (years) [20]

Flash maximum number of bits per cell (MLC) [21]

FeRAM technology — F (nm) [22]

FeRAM cell size — area factor a in multiples of F [23]

1

FeRAM cell size (um’) [24]

4
0.032 0.025 0.016 0.013 0.010 0.007 0.006

FeRAM cell structure [25]

1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C

FeRAM capacitor structure [26]

3D 3D 3D 3D 3D 3D 3D

FeRAM capacitor footprint (,umz) [27]

0.014 0.011 0.0064 0.0049 0.0039 0.0024 0.002

FeRAM capacitor active area (,umz) [28]

FeRAM cap active area/footprint ratio [29]

Ferro capacitor voltage (V) [30]

FeRAM minimum switching charge density (yC/cmz) [31]

FeRAM endurance (read/write cycles) [32]

>1.0E16 >1.0E16 >1.0E16

FeRAM nonvolatile data retention (vears) [33]

SONOS/NROM technology — F (nm) [34]

SONOS/NROM cell size — area factor a in multiples of F [35]

6.5 6.5

SONOS/NROM typical cell size (,umz) [36]

0.007 0.005

SONOS/NROM maximum number of bits per cell ((physical 2-
bit/cell) x MLC) [37]

SONOS/NROM area per bit (,umz) [38]

SONOS Lg-stack (physical — um) [39]

SONOS highest W/E voltage (V) [40]

SONOS/NROM Iyeqq (4A) [41]

23-33 22-32

21-31

21-31 20-30 20-30 20-30
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Table 43b Non-Volatile Memory Technology Requirements—Long-term (continued)

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
SONOS/NROM tunnel oxide thickness (nm) [42] 3 3 2.5 2.5 2.5

SONOS/NROM nitride dielectric thickness (nm) [43] 4 4 4 4 4 4 4
?ZI}’OS/NROM blocking (top) oxide or dielectric thickness (nm) 6 6 5 5 5 5 5
SONOS/NROM endurance (erase/write cycles) [45] 1.00E+08 | 1.00E+08

SONOS/NROM nonvolatile data retention (vears) [46] 10-20 10-20

MRAM technology F (nm) [47]

MRAM cell size area factor a in multiples of F [48]

MRAM typical cell size (,umz) [49]

MRAM switching field (Oe) [50]

MRAM write energy (pJ/bit) [51]

MRAM active area per cell (,umz) [52]

MRAM resistance-area product (Kohm—(,umz) [53]

MRAM magnetoresistance ratio (%) [54] 70 70 70 70 70 70 70
MRAM nonvolatile data retention (vears) [55] >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) [56] >3el6 >3el6 >3el6 >3el6 >3el6 >3el6 >3el6
MRAM endurance — tunnel junction reliability (vears at bias) [57] >10 >10 >10 >10 >10 >10 >10
PCRAM technology F (nm) [58] 28 25 22 20 18 16 14

PCRAM cell size area factor a in multiples of F (BJT access

device) [59)] 5.9 5.9 5.0 4.8 4.7 4.7 4.7

PCRAM cell size area factor a in multiples of F* (nMOSFET
access device) [60]

PCRAM typical cell size (,umz) (BJT access device) [61]

PCRAM typical cell size (,umz) (mMOSFET access device) [62] 0.0068 0.0051 0.0036 0.0027 0.0020 0.0015 0.0011

PCRAM number of bits per cell (MLC) [63]

PCRAM typical cell area per bit size (,umz) (BJT access device) [64] [BRON0L0kW 0.0009 0.0006 0.0005 0.0004 0.0003 0.0002

PCRAM typical cell area per bit size (,umz) (nMOSFET access

device) [65] 0.0017 0.0013 0.0009 0.0007 0.0005 0.0004 0.0003

PCRAM storage element CD (nm) [66] 10 ] 7.9 7.2 6.5 5.8 5.0
PCRAM phase change volume (nm3) [67] 524 382 268 180 113 102 65
PCRAM reset current (ud) [68] 53 46 39 32 26 21 16
PCRAM set resistance (Kohm) [69] 9.9 11.3 13.2 14.7 16.7 18.7 21.7
PCRAM BJT current density (A/cmz) [70] 8.6E+6 9.3E+6 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7
PCRAM nMOSFET current density for reset (uA/um) [72] 1,056 1,202 1,270 1,310 1,320 1,340
PCRAM nMOSFET device width (um) [73] 0.053 0.043 0.032 0.025 0.020 0.016 0.012
PCRAM nonvolatile data retention (years) [74] >10 >10 >10 >10 >10 >10 >10

PCRAM write endurance (read/write cycles) [75] 1.0E+14 1.0E+14 1.0E+15 1.0E+15 1.0E+15 1.0E+15 1.0E+15

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known _
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Notes for Table 43a and b:
[1] In the past Flash devices tended to lag behind the current CMOS technology’s feature size, F, but that delay no longer exists. This entry provides the
F value for designs in the indicated time period.

[2] The area factor “a” = cell area/F2 , SO this entry presents the expected range for Flash NOR cell area in multiples of the implementation

technology’s F . Note the slowly increasing trend that reflects the difficulty of scaling the gate length when the tunnel oxide thickness is fixed.

[3] High-k interpoly dielectric is projected at the 45 nm technology generation and beyond, and gate coupling ratio of >0.7 can be achieved which
helps to maintain the cell size.® This helps to slow down the increase in the area factor-

[4] Although virtual ground array may significantly decrease the cell size in the near term "this effect has not been included in the current table.

[5] Although non-planar devices (such as FinFET) are being developed for future Flash scaling, their impact has not been included in the current table.
The deployment of high x in interpoly may help to reduce the Lg somewhat.

[6] The area factor “a” = cell area/F’ , So this entry presents the Flash NAND cell area in multiples ofFZ of the implementation technology. Flash
NAND enjoys a small cell size because much of the cell structure is shared among a group of cells. (SLC = single level cell, MLC = multilevel cell; see
Note 21 below for more detail.)

[7] A typical Flash NOR cell size in micrometers squared is estimated using the midrange area factor “a.”

[8] Both the cell size and the gate length for NOR Flash have been more aggressively scaled recently.* > '

[9] This is the physical length of the control gate of Flash NOR devices.

[10, 12] This is the highest voltage relative to ground seen in the cell array. It is not usually an external supply.

[11] The introduction of high-k interpoly dielectric will help to reduce the erase voltage.

[13] The current reduces with scaling at a rate higher than W/(L*Cox) to reduce the voltage overdrive factor.

[14] The coupling ratio is the (control gate to floating gate capacitance)/(total floating gate to source, drain and substrate capacitance).

[15, 16] Tunnel oxides must be thick enough to assure retention but thin enough to allow ease of erase/write. This difficult trade off problem hinders
scaling. Tunnel oxides less than 7 nm seem to pose fundamental problems for retention reliability.

[17, 18] Interpoly dielectric must be thick enough to assure retention but thin enough to assure an almost constant coupling ratio. Charge retention
when the dielectric is scaled downward is the major issue. High-x interpoly will help reducing the interpoly EOT and maintain constant coupling ratio
without losing retention.

[19] E/W endurance requirements vary with the specifics of an application, but 1ES5 cycles have been accepted as the historical minimum acceptable
level for a useful product. It is expected that emerging technology will allow both tradeoffs of endurance for retention as well as increases in the
specified minimum endurance capability as device design options.

[20] Retention is a defect related parameter rather than an intrinsic device characteristic. Improvement in defect control and accumulation of device
history is expected to eventually allow specification of 20 years retention. Also, it should become possible to accept a reduced retention specification as
a tradeoff for increased E/W endurance.

[21] Cell read out distinguishes between four levels of charge storage to provide two storage bits. Progression to 16 levels is anticipated but
maintaining reasonable V,, read speed and array efficiency beyond 2-bit/cell are challenging. (MLC multilevel cell).

[22] This entry is the critical dimension “F” within the FeRAM cell for stand-alone memory devices (not embedded devices).

[23] This is the area factor “a” = cell size/F”. FeRAM cell size is presented in terms of multiples of the FeRAM implementation technology’s F

[24] FeRAM cell size is presented in terms of micrometers squared. It is the product "a"xF .
[25] FeRAM cell structures have migrated to one transistor, one capacitor (I1T1C) formats.
investigation such as Chain-FeRAM."

[26] The geometry of the capacitor is a key factor in determining cell size. Stacked planar films are expected to be replaced by more efficient 3D
structures.

[27] This is the footprint of the capacitor in micrometers squared. It is this area that constitutes the capacitor area contribution to the cell size. For

2005-2006 ~19F", for 2007 - 2009 ~16F, and for 2010-2020 ~ 10F" or less (3D capacitor) are assumed.
[28] This is the actual effective area of the capacitor. It is larger than the footprint for 3D capacitor because of the utilization of area in the third

dimension.
[29] This ratio of the effective area to the footprint gives a measure of the impact of utilization of the third dimension.

1,12 . :
' Other alternative configurations are under

[30] This is the operating voltage (V) applied to the capacitor. Low voltage operation is a difficult key design issue. Generally the ferroelectric film
thickness needs to be decreased in order to reduce the V,p, with great technological challenges. o
[31] The minimum switching charge density in ,uC/cmZ is a useful design parameter. It is equal to the cell minimum switching charge divided by the

capacitor actual effective area. The capacitor voltage is taken as V.

[32] FeRAM is a destructive read-out technology, so every read is accompanied by a write to restore the data. Endurance cycles are taken as the sum of
all read and all write cycles. For FeRAM to compete with DRAM and SRAM the cycle endurance should be about 1E15. Test time is a serious concern.
Note that operation at 100 MHz for 10 years would accumulate 1E16 cycles.

[33] This is the data retention requirement while the device is disconnected from power. It is usually specified at 85 °C.

[34] SONOS/NROM devices have recently been introduced into the commercial market and will tend to lag the feature size of the current CMOS
technology by one year. This entry provides the F value for designs in the indicated time period.

[35] The area factor “a” = cell area/F2 . This entry depicts the expected SONOS/NROM NOR cell area in multiples of the implementation technology’s

F. SONOS/NROM device stores two physical bits of data per device. This area factor "a" is per cell, not per bit.

[36] The expected "typical” SONOS/NROM NOR cell size is presented in terms of micrometers squared. Again, this cell size is per cell, not per physical
or MLC bit.

[37] MBC signifies “multiple bit storage,” while MLC signifies “multiple level storage.” The SONOS/NROM cell stores charge in two distinct locations
— in the nitride over the source and drain junctions. Thus, in the simplest case there are two distinct bits within each cell; however, each charge location
may be partitioned into multiple levels (MLC), thereby, increasing the bit storage per cell.

[38] The expected SONOS/NROM NOR area per bit is presented in terms of micrometers squared. The stored bit includes both physical 2-bit/device
and MLC.

[39] This is the physical length of the gate of SONOS/NROM devices in micrometers as there is only a single gate, similar to a MOSFET.

[40] This is the highest voltage relative to ground seen in the cell array. It is not usually an external supply.

[41] Reduction rate is higher than (W/L)*Cox) to reduce the voltage overdrive factor.
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[42] Tunnel oxides must be thick enough to assure retention but thin enough to allow ease of erase/write at low voltage. This offers a challenge to
scaling.

[43] The nitride dielectric provides the charge storage medium and its thickness is a compromise between program/erase voltages, erase/write window,
retention, process control and endurance. This offers a challenge to scaling.

[44] The blocking (top) oxide thickness isolates the charge storage region (nitride) from the gate electrode. Its thickness is a compromise between
program/erase voltages and retention. This offers a challenge to scaling. With the advent of high-x dielectrics, such as aluminum oxide, and advanced
deposition techniques, such as atomic layer deposition (ALD), the thickness of the blocking (top) insulator may be increased to prevent gate injection,
while maintaining program speed and long-term retention. This technology will probably mature in the year 2008 and beyond. High-x dielectrics also
ease the requirements on scaling the nitride and tunnel oxide since the electric fields may be preserved in the latter.

[45] E/W endurance (erase/write cycles) requirements vary with the specifics of an application, but 1E5 cycles has been accepted as the historical
minimum acceptable level for a useful product. It is expected that emerging technology will allow both tradeoffs of endurance for retention as well as
increases in the specified minimum endurance capability as device design options.

[46] SONOS/NROM retention follows a stretched exponential curve and saturates and becomes time independent afterwards. Thus the charge loss

affects the V; programming window but is not a long-term reliability issue. As long as the programming window is sufficiently designed retention by
itself ilsﬁ 111701‘ a concern. However, charge loss mechanisms and retention models are still being improved and further modifications are possible in the
Sfuture™® ™.

[47] MRAM devices are expected to lag the feature size of the CMOS current technology until 2010. This entry provides the F value for designs in the
indicated time period.

[48] The area factor “a” = cell area/F”. This entry is the expected MRAM cell area in multiples of the implementation technology’s F*.

[49] The expected “typical” MRAM cell size is presented in micrometers squared.

[50] The MRAM switching field is the magnetic intensity H required to change the direction of magnetization of the cell.

[51] MRAM switching energy per bit is calculated as (write current * power supply voltage * write time). It is preferred to use the median value of
switching energy measured on a multi-megabit array. A good estimate of power drain is (switching energy * number of writes per second).

[52] MRAM active bit area is the area of the magnetic material stack within the cell. It represents the “A” in the R*4 product.

[53] MRAM resistance-area product (i.e., the R*A product) is an intrinsic property of the magnetic material stack that provides a convenient basis for

comparing cells of different sizes. The R*A product can be computed by measuring the effective low state resistance (Rj,y,) of the magnetic tunnel
Junction and multiply it by the active bit area of the magnetic stack.

[54] MRAM magnetoresistive ratio is calculated as 100*(Rpigh — Riow)/Riow- This ratio summarizes the difference between a logic ONE and a logic
ZERO, and as such it represents the intrinsic capability of the magnetic stack. The magnetic tunnel junction resistance values are to be measured at low
currents.

[55] MRAM devices are required to retain data while unpowered. This entry states the retention requirement in years.

[56] This entry is the required number of read/write cycles that an MRAM device must be able to endure without degradation that impacts the ability of
the device to pass all operating specifications.

[57] An MRAM device is required to meet this minimum life requirement when the magnetic material stack is continuously under bias.

[58] PCRAM devices are expected to follow the feature size of the current CMOS technology. This entry provides the F value for designs in the
indicated time period.

[59] The area factor “a” = cell area/Fz. This entry is the expected PCRAM cell area in multiples of the implementation technology’s F. PCRAM
requires significant reset current to change the phase-change element from crystalline to amorphous. A BJT transistor is capable of providing more
current per unit area compared to a MOSFET, thus helps to reduce the cell size. Both BJT and nMOSFET access device cells are represented in this
table. PCRAM is capable of MLC multi-bit per cell. This area factor is per cell, not per bit.

[60] The area factor “a” = cell area/F". This entry is the expected PCRAM cell area in multiples of the implementation technology’s F. PCRAM
requires significant reset current to change the phase-change element from crystalline to amorphous. A BJT transistor is capable of providing more
current per unit area compared to a MOSFET, thus helps to reduce the cell size. An nMOSFET transistor has larger cell size in the near term years, but
offers simple process and low voltage operation. Both BJT and nMOSFET access device cells are represented in this table. PCRAM is capable of MLC
multi-bit per cell. This area factor is per cell, not per bit.

[61] The expected “typical” PCRAM cell size with BJT access device is presented in micrometers squared.

[62] The expected “typical” PCRAM cell size with nMOSFET access device is presented in micrometers squared.

[63] PCRAM is capable of MLC multi-bit/cell operation since the resistance ratio between amorphous and crystalline state is typically 100-1,000. This
entry is the expected number of MLC bits per cell.

[64] The expected cell size per MLC bit for the PCRAM with BJT cell. It is the physical cell size divided by the number of MLC bits per cell.

[65] The expected cell size per MLC bit for the PCRAM with nMOSFET cell. It is the physical cell size divided by the number of MLC bits per cell.

[66] PCRAM phase change element must be substantially smaller than the technology’s feature size, F, to have efficiency reset operation with
reasonable current. This entry is the expected dimension for the phase change element in nanometers.

[67] PCRAM phase change volume is a key factor for device design and peak power requirement. This entry is the expected phase change volume in
nanometer cubed.

[68] This entry is the expected reset current for PCRAM in microamperes.

[69] The set resistance is a key design factor for PCRAM read speed.

[70] This entry is the expected current density output from the BJT access device required to reset the PCRAM cell (from crystalline to amorphous
state). It is a compromise between larger area BJT (which causes larger cell size) and higher output current (which requires higher operation voltage).
[71] This entry is the expected BJT emitter area that can provide the needed reset current, assuming the BJT current density is met.

[72] This entry is the expected current density output from the nMOSFET access device required to reset the PCRAM cell (from crystalline to
amorphous state). It is a compromise between larger width nMOSFET (which causes larger cell size) and higher output current (which requires higher
operation voltage or less reliable device).

[73] This entry is the expected nMOSFET gate width that can provide the needed reset current, assuming the MOSFET output current density is met.
[74] This entry is the expected PCRAM data retention that will allow it to be used as a nonvolatile memory. Data retention mechanism for PCRAM is
not yet thoroughly studied. Recent published data indicate > 10 years of retention at elevated temperatures."® **

[75] This entry is the expected PCRAM W/E cycling endurance. Recent published data indicate cycling endurance from 1E+9 to 1E+13.* 7!
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RELIABILITY

Table 44  Reliability Difficult Challenges

Difficult Challenges > 32 nm

Summary of Issues

High-k gate dielectrics with metal gate electrodes

Dielectric breakdown characteristics (hard and soft breakdown)
Transistor stability (charge trapping, work function stability, metal ion drift or diffusion)
Impact of implantation

Metal gate thermomechanical issues (coefficient of thermal expansion mismatch)

Copper/Low-k interconnects

Stress migration of Cu vias and lines
Cu via and line electromigration performance

Impact of degradation of properties with lowering k (strength, adhesion, thermal conductivity,|
coefficient of thermal expansion)

Time Dependent Dielectric Breakdown of the Cu/low-k system

Impact of packaging

Packaging

Impact of increasing Coefficient of Thermal Expansion (CTE) mismatch between low-k,
silicon and organic packages

Increasing use of multi-chip packages and heterogeneous integration (e.g., CMOS plus
MEMs or Sensor)

Electromigration in package traces, vias and bumps

Impact of assembly and packaging on on-chip failure mechanisms (cracking, stack
delamination)

Ability of bumps to withstand thermal and mechanical stresses while providing sufficient
current carrying capability

Design and test for reliability

Simulation tools for concurrent optimization of circuit performance and reliability

Tools to simulate electromigration, thermal-mechanical stress and process induced charging
Soft error detection and correction at chip and system level, including random logic faults
Screens for resistive and capacitively coupled interconnect defects

Alternative screens for decreasing burn-in effectiveness

Negative bias temperature instability

Degradation of p channel current
Dependence on scaling and nitrogen in gate insulator

Impact on burn-in

Difficult Challenges<32 nm

Summary of Issues

Reliability of novel devices, structures, materials and
applications

Need to identify and model failure modes, develop acceleration techniques and qualify
Post-Cu interconnect solutions (e.g., optical, robust thermal solution, superconductors)
Non-CMOS transistors and memory elements

New packaging paradigms

Novel applications
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RELIABILITY REQUIREMENTS
Table 45a  Reliability Technology Requirements—Near-term

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM 7. Pitch (nm) 80 70 65 57 50 45 40 36 32
(contacted)

MPU/ASIC Metal 1 (M1) %

Pitch (nm){contacted) 90 78 68 59 52 45 40 36 32
](‘}f; j] Physical Gate Length 32 28 25 2 20 18 16 14 13
Early failures (ppm) (First 50— 50— = 50— 50— 50— 50— 50— -
4000 operating hours)** [1] 2000 2000 SU-200Y 2000 2000 2000 2000 2000 SUALLY

Long term reliability (FITS =

fuilures in 1E9 hours) [2] 10-100 | 10-100 [50-2000 | 10-160 | 10-100 | 10-100 | 10-100 | 10-100 [RKez{e0]

Soft error rate (FITs) 1000 1000 1000 1000 1000 1000 1000 1000

Relative failure rate per

transistor (normalized t02005 | 1.00 0.79 0.63 0.50 0.40 0.32 0.25 0.20 Number of
transistors

value) [3]

Relative failure rate per m of
interconnect (normalized 1.00 0.84 0.71 0.59 0.51 047 041 0.37
102005 value) [4]

Customer needs;
J11 length of
interconnect

Table 45b  Reliability Technology Requirements—Long-term

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %: Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

- 3 ; skk
fl‘}”y Jailures (ppm) (First 4000 operating hours 50-2000 ‘ 50-2000 ‘ 50-2000 ‘ 50-2000 ‘ 50-2000 ‘ 50-2000 ‘ 50-2000

Long term reliability (FITS = failures in 1E9 hours) 100 ‘ 10-100 ‘ 10-100 10-100
2]

Soft error rate (FITs) 1000 1000 1060

Relative failure rate per transistor (normalized t02005 Number of
. . . . . 0.04 0.03 .
value) [3] transistors

Customer needs;
0.16 0.14 J11 length of
interconnect
Please note that in the above Long-term table, the “Relative failure rate per transistor” value for 2019-2020 is not entered, because there is not
projection in the ORTC tables for the number of transistors per chip in those years.

Relative failure rate per m of interconnect (normalized
102005 value) [4]

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known €

Manufacturable solutions are NOT known _

Notes for Table 45a and b:

Reliability requirements vary with different applications. For many mainstream customers it will be sufficient to hold current reliability levels steady
during this period of rapid technological change. However, other customers would like reliability levels to be improved. Degradation of current
reliability levels is not acceptable. Reliability requirements are for the packaged device and include both chip and package related failure modes.

A reliability qualification can always be attempted with available knowledge. The better the knowledge the less risk in the qualification and vice versa.
Yellow coloring indicates some risk. Striped indicates a greater risk (due to changed and possible new failure modes). Finally, red indicates an
unspecified solution (e.g., what technology will be used for post-Cu) for which the reliability risk cannot be assessed until details about the solution are
provided.

[1] Failures during the first 4000 hours of operation (~1 year's use at 50% duty cycle). Early failures are associated with defects.

[2] Long term reliability rate applies for the specified lifetime of the IC.

[3] While the overall IC failure rate does not change with time, as the number of transistors per chip increases [from ORTC], the relative failure rate
per transistor must decrease

[4] As the length of interconnect per chip increases [from Interconnect Technology Requirements Tables], the failure rate per m of interconnect must
decrease. Even more important for reliability is the increase in the number of vias.
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